SCIENCE CHINA

Technological Sciences

“Cut-and-paste” method for the rapid prototyping of soft electronics
XiangXing YANG, YiFu HUANG, ZhaoHe DAI, Jamie BARBER, PuLin WANG and NanShu LU
Citation: SCIENCE CHINA Technological Sciences; doi: 10.1007/s11431-018-9400-9

View online: http://engine.scichina.com/doi/10.1007/s11431-018-9400-9

Published by the Science China Press

Articles you may be interested in

Material solidity in rapid prototyping
Chinese Science Bulletin 40, 1844 (1995);

A CUT SET SPECTRAL METHOD FOR NOISE ANALYSIS OF ELECTRONIC CIRCUITS
Chinese Science Bulletin 35, 1134 (1990);

Solution of N-S equations based on the guadtree cut cell method
Science in China Series G-Physics, Mechanics & Astronomy 52, 877 (2009);

A RAPID AND SIMPLE METHOD FOR PURIFYING tRNA
Chinese Science Bulletin 31, 1488 (1986);

A SIMPLE, RAPID AND NEW METHOD FOR PREPARATION OF OLIGORIBONUCLEOTIDES
Chinese Science Bulletin 31, 1583 (1986);

2| SCIENCE CHINA

Technological Sciences



http://engine.scichina.com/publisher/scp/journal/SCTS
http://engine.scichina.com/search/search?fullnameFilter=XiangXing YANG
http://engine.scichina.com/search/search?fullnameFilter=YiFu HUANG
http://engine.scichina.com/search/search?fullnameFilter=ZhaoHe DAI
http://engine.scichina.com/search/search?fullnameFilter=Jamie BARBER
http://engine.scichina.com/search/search?fullnameFilter=PuLin WANG
http://engine.scichina.com/search/search?fullnameFilter=NanShu LU
http://engine.scichina.com/publisher/scp/journal/SCTS
http://engine.scichina.com/doi/10.1007/s11431-018-9400-9
http://engine.scichina.com/publisher/scp
http://engine.scichina.com/doi/10.1360/sb1995-40-21-1844
http://engine.scichina.com/doi/10.1360/sb1990-35-13-1134
http://engine.scichina.com/doi/10.1007/s11433-009-0120-3
http://engine.scichina.com/doi/10.1360/sb1986-31-21-1488
http://engine.scichina.com/doi/10.1360/sb1986-31-22-1583

SCIENCE CHINA
Technological Sciences

CrossMark

& click for updates

Special Topic: Flexible Electronics Manufacturing
*Review*

https://doi.org/10.1007/s11431-018-9400-9

“Cut-and-paste” method for the rapid prototyping of soft
electronics

YANG XiangXing', HUANG YiFu', DAI ZhaoHe’, BARBER Jamie',
WANG PuLin’ & LU NanShu'**”

1Department of Electrical and Computer Engineering, the University of Texas at Austin, Austin 78712, USA;
*Center for Mechanics of Solids, Structures and Materials, Department of Aerospace Engineering and Engineering Mechanics,
the University of Texas at Austin, Austin 78712, USA;
3Stretch Med Inc., Austin 78750, USA;
4Department of Biomedical Engineering, the University of Texas at Austin, Austin 78712, USA;
Texas Materials Institute, the University of Texas at Austin, Austin 78712, USA

Received October 23, 2018; accepted November 29, 2018; published online January 16, 2019

Unlike wafer-based rigid electronics, soft electronics have many unique advantages including thinness, flexibility, stretchability,
conformability, lightweight, large area, as well as low cost. As a result, they have demonstrated many emerging capabilities in
healthcare devices, soft robotics, and human-machine interface. Instead of conventional microfabrication, there is an ever-
growing interest in the freeform or digital manufacture of soft electronics. This review provides a survey for a cost- and time-
effective subtractive manufacturing process called the “cut-and-paste” method. It employs a mechanical cutter plotter to form
patterns on various electronically functional membranes such as sheets of metals, functional polymers, and even two-dimen-
sional (2D) materials, supported by a temporary tape. The patterned membranes can then be pasted on soft substrates such as
medical tapes or even human skin. This process is completely dry and desktop. It does not involve any rigid wafers and is hence
capable of making large-area electronics. The process can be repeated to integrate multiple materials on a single substrate.
Integrated circuits (ICs) and rigid components can be added through a “cut-solder-paste” process. Multilayer devices can also be
fabricated through lamination. We therefore advocate that the “cut-and-paste” method is a very versatile approach for the rapid

prototyping of soft electronics for various applications.
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1 Introduction

Soft electronics [1], including flexible [2] and stretchable
electronics [3], are capable of surviving mechanical de-
formations such as bending, stretching and twisting, as well
as conforming to curvilinear surfaces. Such deformability
have enabled next-generation devices beyond wafer-based
electronics, which include electronic skins or skin-like
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electronics [4-10], bio-mimetic electronic eye cameras
[11,12], wearable as well as invasive healthcare devices [13—
17] and human-machine interfaces [18-21], flexible energy
harvesting and storage devices [22-24], flexible displays
[25-27], deformable antennas [28—32], and so on. The suc-
cess of soft electronics is built upon new electronic/optical
materials, mechanics-guided novel designs, and unconven-
tional manufacturing processes. The mechanics and materi-
als of soft electronics have been reviewed extensively
[1,3,33-37]. Therefore, in this review, we will discuss the
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manufacturing approaches for soft electronics.

Inorganic flexible and stretchable electronics were first
successfully fabricated by the well-known transfer printing
method [38—42]. It is a highly versatile method that leverages
conventional lithographic process to form patterns and then
transfer these patterned inorganic electronic nanomembranes
from rigid handeling wafers to deformable polymer sub-
strates. However, it is well known that lithographic process is
expensive and time-consuming, plus the transfer printing
process demands exceptional experimental skills. Therefore,
it may not be the most suitable process for the rapid proto-
typing of soft electronics. The recent development of free-
form fabrication techniques [43—46] offers new capabilities
for the digital manufacturing of soft electronics. Examples
include additive strategies (e.g. inkjet printing [47], 3D
printing [48,49]) and subtractive strategies (e.g. laser cutting
[50,51]). Although additive approaches are under fast de-
velopment, they are limited by the availability of inks and ink
sintering time and temperature. Although laser cutter is
capable of high-speed processing plate-like materials, pro-
blems associated with thermal stress or even thermal damage
become more pronounced when processing ultrathin mem-
branes. An alternative subtractive process named the “cut-
and-paste” method employs paper/vinyl cutter plotters to
mechanically cut seams on thin membranes or bilayer la-
minates according to the imported design, followed by the
manual removal of the excess regions, and finally pasting the
patterns on target soft substrates. No chemical or heat is
involved in this process. This method has been demonstrated
to be able to pattern various electronically functional mem-
branes such as metal and conductive polymer sheets
[28,52,53], ceramic thin films such as indium tin oxide (ITO)
[54], and even atomically thin two-dimensional (2D) mate-
rials [55,56]. This reiew will focus around the materials,
processes, and applications of the “cut-and-paste” method.

This review is organized as follows. Sect. 2 introduces the
“cut-and-paste” process for patterning conventional metallic,
polymeric, and ceramic thin films. Sect. 3 focuses on using
the “cut-and-paste” method to manufacture soft electronics
out of emerging 2D materials. Sect. 4 discusses an improved
“cut-solder-paste” process to add integrated circuits (IC) and
other discrete components to the system. Concluding re-
marks are offered in Sect. 5.

2 “Cut-and-paste” of thin films

2.1 The concept

The process of using a paper/vinyl cutter plotter to form
microstructures was first introduced as “xurography”, a.k.a.
“razor writing” in 2005 for the rapid prototyping of shadow
masks and microfluidic molds [57]. The cutting resolution
for different types of thin films including metal sheets,
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polymeric films and thermal adhesives has been reported
[57]. Thereafter, the application of xurography was mainly
focused on the fabrication of masks and molds until our
group invented the “cut-and-paste” method to build
stretchable electronics in 2015 [52]. Stretchability of in-
trinsically stiff electronic materials can be built into the
geometry hence patterning is an indispensable step. We
therefore proposed to use cutter plotters to form stretchable
patterns in metallic, ceramic, polymeric and 2D materials.
This simple yet versatile manufacturing technique was born
out of a need for the rapid and low-cost prototyping of soft
disposable wearable electronics, in contrast to the expensive
and time-consuming photolithography process. The “cut-
and-paste” process, in its entirety, is described in the follows.
First, rolls of gold and aluminum-coated polyethylene ter-
ephthalate (PET) were purchased thus eliminating the need
for vacuum metal deposition. Next, the gold-coated PET foil
(Au-PET) was attached to a thermal release tape (TRT) with
Au facing the adhesive and the TRT attached to a sticky
cutting mat as shown in Figure 1(a). The sticky cutting mat
was fed into a commercially available mechanical cutter
plotter (Silhouette Cameo2), and AutoCAD drawings were
imported to program the cuts. Figure 1(b) illustrates a carved
pattern. After peeling from the cutting mat (Figure 1(c)), the
TRT should be heated up to deactivate the adhesives. For
thinner films where strong adhesion is not required during
cutting, low adhesive tapes can be used instead of the TRT
such that the heating step can be omitted. Tweezers were
used to peel away excess Au-PET as shown in Figure 1(d).
Finally, the leftover pattern was pasted to the desired sub-
strate, such as a 3M Tegaderm tape, as shown in Figure 1(e).
One round of the “cut-and-paste” process can be completed
within about 10 min. Multiple rounds can be repeated to
integrate multilayers and/or multiple materials onto a single
substrate via alignment markers. In addition to polymer-
supported metal films, electrically conductive rubber was
also cut-and-pasted as a soft wearable strain gauge [52]. The
only limitation with the Silhouette Cameo cutter is that the
minimum achievable serpentine ribbon width is 200 pm
when cutting a bilayer foil of 9-um-thick Al on 12-um-thick
PET. For different materials of different thicknesses, the
blade type, blade setting and cutting speed should be ad-
justed accordingly to achieve the optimal resolution.

As a demonstration, we fabricated a multi-material, mul-
tifunctional epidermal sensor system (ESS) (Figure 1(f) and
(g)). It was tested to have an effective modulus of 11 MPa
and a stretchability beyond 30%. It could be conformably
laminated on any part of human skin to detect a variety of
biometrics including electrophysiological signals such as
electrocardiogram (ECQ), electromyogram (EMG), and
electroencephalogram (EEG), skin temperature, skin hydra-
tion, and respiratory rate, which have been validated against
available commercial tools. The stretchable antenna on the
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Figure 1 (Color online) Schematics for the “cut-and-paste” process and multi-material, multifunctional epidermal sensor system (ESS). (a) Au-PET-TRT
(APT) laminated on the cutting mat; (b) carving designed seams in the Au-PET layer by programmable paper/vinyl cutter plotter; (c) peeling APT off the
cutting mat; (d) removing excess Au-PET regions after deactivating the TRT on hot plate; (e) pasting patterned Au-PET onto the target substrate; (f) top view
of an ESS which incorporates three electrophysiological (EP) electrodes (Au-PET), a resistance temperature detector (RTD) (Au-PET), two coaxial dot-ring
impedance sensors (Au-PET), and a wireless planar stretchable strain sensing coil (AI-PET), all in filamentary serpentine (FS) layout for stretchability; (g)
ESS on human skin demonstrating excellent deformability under applied stretch (top), compression (middle), and shear (bottom). Figure 1(f) and (g) is

republished with permission from Advanced Materials [52].

ESS could be measured wirelessly and hence could be ap-
plied for near field communication (NFC)-enabled wireless
data and power transfer in the future. Thus, the “cut-and-
paste” method has opened the door for the rapid prototyping
of deformable electronics represented by ESS, which is also
known as the electronic tattoos (e-tattoos).

In its first development, the “cut-and-paste” method had to
use a substrate such as a medical tape to support the
stretchable sensors, which increased tattoo thickness and
degraded breathability. To address this problem, we came up
with a slightly modified “cut-and-paste” method to fabricate
tape-free e-tattoos with a total thickness of just 1.5 pm [58].
Instead of using TRT or low adhesive tapes, we employed
commercial tattoo papers with water soluble adhesives as the
temporary support. After the pattern was formed, the 1.5-
pm-thick sensor network can be directly pasted on human

skin by applying water on the tattoo paper to dissolve the
adhesive. Thanks to its micrometer thinness, the sensor
network can adhere to human skin via just van der Waals
forces [59,60]. It formed an open-mesh filamentary serpen-
tine network on the skin, which allowed for superior com-
pliance and breathability. Such ultrathin, tape-free e-tattoo
has demonstrated clear advantages over previous e-tattoos
regarding skin-electrode interface impedance, motion arti-
facts, and sweat artifacts.

Following our “cut-and-paste” method, Zhou et al. [53]
manufactured stretchable and dry surface electromyography
(sEMQ) electrodes for gesture interpretation. Kao et al. [61]
fabricated “Duoskin” out of metal leaves as on-skin user
interface. However, without the polymer (e.g. PET) support
for the metal leaves, the mechanical robustness of “Duo-
skin” may be very limited [62,63].
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2.2 “Cut-and-paste” method for stretchable 3D anten-
na

Buckling instabilities have been used to process traditional
inorganic materials to gain structural stretchability. For ex-
ample, out-of-plane structures have been achieved by pat-
terning and transfer printing planar films onto a pre-strained
substrate followed by releasing the strain [64-69]. Films
patterned by the “cut-and-paste” method can be combined
with the buckling design to enhance the stretchability and
even optimize functional performances. For example, Yan et
al. [28] reported a stretchable and shape-controllable 3D
antenna fabricated by the “cut-transfer-release” method. As
illustrated in Figure 2(a), a polyimide thin film was me-
chanically carved with the pattern of an antenna followed by
Au deposition. After removing excess region, the patterned
antenna can be transferred on a pre-strained elastomeric
substrate. After releasing the pre-strain, the planar antenna
would buckle into a 3D antenna. Upon stretching, the 3D
antenna can recover to a planar antenna without mechanical
failure, as shown in Figure 2(b). In this work, the frequency
of this particular antenna design was not very sensitive to the
mechanical deformation. However, this work points to a

Pasting the PI/TRT
on the cutting mat

Defining the precursor
pattern with cutting machine
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route of building 3D reconfigurable antenna.

2.3 “Cut-and-paste” method to pattern ceramic mate-
rials

Although metal and polymer sheets are cuttable due to their
plastic deformability, radial micro-cracks would form as
soon as a mechanical blade lands on a ceramic film, similar
to the micro-indentation induced cracks in brittle films [70].
Therefore, a slightly modified “cut-deposit-paste” method
has been developed for patterning ceramic thin films using
mechanical cutter plotters [54]. Indium tin oxide (ITO) was
used as a representative ceramic film because of its electrical
conductivity, which can reflect its mechanical integrity. The
“cut-deposit-paste” process is illustrated by Figure 3(a)—(i).
A piece of 13-um-thick transparent PET film was attached to
a TRT, which was supported by a cutting mat (Figure 3(a)).
Without ITO coating yet, the PET can be carved with the
designed serpentine patterns (Figure 3(b)). After removing
the TRT-supported PET from the cutting mat (Figure 3(c)),
200-nm-thick ITO was sputtered on PET at room tempera-
ture (Figure 3(d)). Although the target substrate Tegaderm
tape has adhesive, depositing 5-nm-thick Ti and 50-nm-thick

Peeling defined PI/TRT
from cutting mat

- oY%

Transferring the precursor pattern
to the prestrained substrate

Releasing the prestrained substrate

Removing the
excess region

\

Depositing the
functional layer (Au)

«\/

Au

- Polyimide (PI)
Thermal Release Tape (TRT)

Cutting mat

Deactivated TRT
Target Substrate

Figure 2 (Color online) (a) The fabrication process of the “cut-transfer-release” method; (b) the tunable 3D antenna made out of the “cut-transfer-release”



Yang X X, et al.

Sci China Tech Sci 5

PET_TRT_Cutting Mat (b) cutting (c) Peeling from mat (1)) = =()°
' Ur=0,aa=0
I I w/r=10.6
f) Si0,/Ti deposition e Transfer to 2" TRT (d) ITO deposition
2 w/ir=04
w/r=0.2
4
Excess removal Printin, (I) Final sample
. ? o @i, "7
59 B <% Straight Serpentine
P - ~ 16 20
’7/ 155!raight ribbon
k 12 uﬁ,‘yBlow up view
~ s
x g 4
[ PeT or ITO_PET ITO_PET_Ti_Si0, o3 08 12 T8
[0 Thermal Release Tape (TRT) Deactivated TRT 4 © Strain (%)
Cutting Mat Tegaderm Thin Film
0

0 30 60 90 120 150
Strain (%)

Figure 3 (Color online) Schematics of the “cut-deposit-paste” process of fabricating stretchable ITO serpentines on stretchable Tegaderm substrates. (a)
Laminating a 13-pm-thick PET on a TRT on a cutting mat; (b) using a mechanical cutter plotter to carve out serpentine-shaped seams on PET; (c) peeling
TRT-supported PET from the cutting mat; (d) sputtering 200-nm-thick ITO on PET; (e) transferring ITO covered PET from one TRT to another with the
backside of PET exposed; (f) sputtering S-nm-thick Ti and 50-nm-thick SiO, on the backside of the PET (for weakly-bonded serpentines, this step is skipped);
(g) removing unwanted PET, leaving only ITO_PET serpentines on the TRT; (h) pasting the ITO/PET serpentine ribbons on Tegaderm with ITO facing up; (i)
the final sample; (j) a picture of a weakly-bonded ITO/PET displays good transparency, the scale bar is 5 mm; (k) electrical resistance as a function of the
applied uniaxial tensile strain for straight and serpentine ITO ribbons. Republished with permission from Extreme Mechanics Letters [54].

Si0, on the other side of the PET can further enhance the
adhesion (Figure 3(e)—(f)). Finally, after removing the excess
regions (Figure 3(g)), the Ti/SiO,-coated PET side was
pasted on the target Tegaderm tape (Figure 3(h)—(i)). A
picture of the as-fabricated ITO/PET serpentine ribbons
without Ti/SiO, adhesion promoter layer is displayed in
Figure 3(j) where the transparency of the ITO is obvious. No
micro-cracks can be observed at the edge of the ITO because
ITO was deposited after the PET was cut. Peeling off the
excesses did not cause any damage to the leftover ITO be-
cause the as-deposited ITO was already discontinuous at the
seams. In situ electrical resistance measurement during
uniaxial tension tests (Figure 3(k)) indicates the strain-to-
rupture can increase from 1% to 120% after patterning ITO
into serpentine shapes. This is the first time that brittle ITO
can be stretched beyond 100%. Such ‘“cut-deposit-paste”
method is expected to be also applicable to other brittle films
as long as they can be deposited at a temperature acceptable
to the polymer support.

3 “Cut-and-paste” process for atomically thin
materials and their assemblies

Except for ITO, graphene, a single layer of carbon atoms
arranged in a honeycomb lattice, is also a transparent con-
ductor [71]. In fact, graphene belongs to an emerging family
of atomically thin materials called 2D materials, which can
be used as conductors, semiconductors and dielectrics in
future atomically thin electronics [72]. Some of their cap-

abilities such as electrical and thermal conductivity can
further be enhanced by layer-by-layer assembly of 2D ma-
terials [73—79]. Notably, 2D materials with atomic thinness,
such as graphene, monolayer or few-layer MoS, and many
more, are intrinsically more deformable than their bulk
counterparts and other conventional electronic materials
[80—88]. As a result, 2D materials do not suffer from brittle
fracture like the ceramic thin films when subjected to me-
chanical identation or cutting [89]. Besides, 2D materials
have many other merits such as optical transparency [90],
electrochemical inertness [91], and biocompatibility [92],
which make them ideal building blocks for flexible electro-
nics [72] and bio-integrated electronics [93,94]. Although
2D materials can be patterned by photo- or e-beam litho-
graphy, every chemical in the process would inevitably leave
residuals on the surfaces of the 2D materials, which have a
dominating effect on their properties and performance [95].
As aresult, a dry patterning process like the “cut-and-paste”
method is highly desirable for fabricating devices based on
2D materials. In this section, we discuss the application of
“cut-and-paste” method in fabricating graphene-based de-
vices. We also expect that the “cut-and-paste” method can be
applied to other 2D materials or their stacks in the future.

3.1 Graphene e-tattoos (GETs)

Our group built the first sub-micron-thick transparent and
imperceptible graphene e-tattoos (GETs) through a “wet
transfer, dry patterning” process where the dry patterning
was done through the “cut-and-paste” method [55]. The
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process is illustrated in Figure 4(a). Following well-estab-
lished procedures [96], we used chemical vapor deposition
(CVD) to grow large area monolayer graphene on Cu foils.
We applied a popular “wet transfer” method to separate
monolayer graphene from the Cu foil [97]. First, we pro-
tected monolayer graphene with spin-coated sub-micron-
thick poly(methyl methacrylate) (PMMA). Then we chemi-
cally etched the Cu without causing mechanical damage to
the graphene. Our process differs from conventional wet
transfer process after Cu etching. Conventionally, the
PMMA -protected graphene is scooped by a target substrate
with PMMA facing up. After dissolving PMMA by acetone,
monolayer graphene is left on the target substrate for sub-
sequent fabrication or characterization. In our process,
PMMA was not removed because it can serve as a permanent
mechanical support for graphene even after the tattoo was
transferred on human skin. As a result, we used a commercial
tattoo paper which comes with water-soluble adhesive to fish
graphene/PMMA with graphene facing up. We then used the
mechanical cutter plotter to carve out the designed fila-
mentary serpentine mesh with 0.9-mm ribbon width on the

CVD Growth

Yang X X, et al.

Sci China Tech Sci

PMMA/Gr on tattoo paper

graphene/PMMA bilayer. After manually removing the ex-
cess materials, the GET can be directly pasted on human skin
exactly like a temporary transfer tattoo, with graphene in
direct contact with the skin. The total thickness of the GET
was dominated by the PMMA layer, which was measured to
be only 463 + 30 nm. This thickness gives the GET an ultra-
low bending stiffness of 2.7 x 10" N 'm, which is one order
smaller than that of an Au-based e-tattoo (e.g., 3.49 x
10""° N'm for 100-nm-thick Au on 700-nm-thick polyimide).
As aresult, without using any adhesives, the GET was able to
fully conform to the microscopically rough skin surface even
under severe skin deformation, as evidenced in Figure 4(b).
Meanwhile, the optical transmittance of the GET was 84% to
88% within the visible spectrum. We have demonstrated that
the GET can fully replace the Au electrodes for the mea-
surement of ECG, EEG, EMG, and skin hydration. The GET-
skin interface impedance and signal-to-noise ratio (SNR)
were found to be on par with wet gel electrodes, which have
limitations including skin irritation and wearable time.

We also created an imperceptible human-robot interface
(HRI) by applying GETs as the invisible and imperceptible

Spin coating
PMMA

Etching Cu

Peeling extraneous
area

 PMMA

B Grapnene

Printing on skin

Copper Skin
Etchant Tattoo paper
(a)

Figure 4 (Color online) (a) “Wet transfer, dry patterning” fabrication of GETs, which involves the “cut-and-paste” process. Instead of pasting on a polymer
substrate, GETs can be directly pasted on the skin without adhesives due to their sub-micron thickness. (b) Micrographs of a transparent GET on relaxed,
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surface electrodes on human face, specifically around human
eyes. By wirelessly measuring and interpreting the electro-
oculogram (EOG), we achieved real-time control of a drone
by eyeball rotation [20].

3.2 Graphene antennas

In the previous section, we have proved that large-arca
monolayer graphene can be used as effective electro-
physiological electrodes for high fidelity electro-
physiological sensing thanks to their low electrode-skin
interface impedance. However, it is well known that the
sheet resistance of monolayer graphene is too high [98] to
serve as effective interconnects or antenna coils. Alter-
natively, bottom-up graphene assemblies such as “graphene
paper” (Figure 5(a)) could be made into good conductors
with low cost, high mechanical reliability, and good chemical
stability [77,99,100]. Graphene paper is also mechanically
cuttable. For example, Scida et al. [56] fabricated flexible
near field communication (NFC) antenna by essentially the
“cut-and-paste” method (Figure 5(b)). Benefiting from the
mechanical robustness of graphene and its assemblies, the
flexible antenna showed trivial changes in the electro-
magnetic characteristics after 1 million cycles of bending.
Compared with a metal-based commercial antenna, the
graphene-paper-based antenna is more bendable and cy-
clable, which can be attributed to the limited plasticity in the
graphene paper. Expectedly, this combination of bottom-up
assembly and top-down cut-and-paste process is readily
extendable for the fabrication of soft electronics based on the
emerging 2D materials, or more broadly, nanomaterials in-
cluding nanotubes and nanowires [101-105].

a)
Graphite N Graphene paper
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4 Cut-solder-paste method

To improve the practical use of soft electronics such as the e-
tattoos, extensive efforts go into extending them with active
functionalities such as amplification and wireless commu-
nication, which involves IC integration on the device. The
“cut-and-paste” method can offer adequate spatial resolu-
tions for thin film devices to be compatible with commer-
cially available ICs. This section discusses our recent
achievement in the rapid prototyping of NFC-enabled bat-
tery-free wireless e-tattoos [106] using a “cut-solder-paste”
method [52]. The process is illustrated in Figure 6(a)—(f). An
18-pm-thick Cu foil was used to fabricate the stretchable
NFC antenna and the interconnects. As many soft substrates
including Tegaderm tapes are not able to survive soldering
temperature, IC soldering has to be finished before the
pasting step. To enable soldering, the cut-patterned Cu circuit
was transferred onto a water-soluble tape (WST) backed by a
Kapton tape. Soldering off-the-shelf NFC ICs and other
discrete components can be readily completed on such a
bilayer backing system. After soldering, the circuit can be
successfully released and pasted onto the target substrate by
dissolving the WST using water. The cutting process could
be done within several minutes, and the subsequent solder-
ing, transferring and laminating process would take about 20
to 60 min, depending on how complicated the circuit is.
Figure 6(g) displays a picture of the wireless e-tattoo on skin
being twisted. A light emitting diode (LED) on the e-tattoo
was wirelessly turned on by an interrogator placed 3 cm
above the e-tattoo. We have also demonstrated that ther-
mistors and photodiodes integrated on the e-tattoo can
wirelessly transmit data to an NFC-enabled smart-phone.

(c)

Lamination

Figure 5 (Color online) (a) Graphene paper fabrication process and scanning electron microscope (SEM) pictures; (b) fabrication process of the graphene-
paper-based NFC antenna; (c) a picture of the antenna under bending. Republished with permission from Materials Today [56].
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[N Cu foil TRT
Kaptontape """ Tegaderm

. wst

Figure 6 (Color online) Schematic illustrations of the “cut-solder-paste”
process. (a) Cu foil laminated on TRT; (b) cut-patterned Cu antenna and
interconnects; (c) transfer of Cu circuit onto a water-soluble tape (WST)
backed by a Kapton tape; (d) solder NFC chip, thermistor, LED, photo-
transistor, and other discrete components on the Cu circuit; (e) dissolving
WST to paste the completed circuit to Tegaderm; (f) sandwich the circuit
with another Tegaderm; (g) an NFC-enabled e-tattoo twisted on skin while
still being wirelessly turned on. Republished with permission from 2017
39th Annual International Conference of the IEEE Engineering in Medicine
and Biology Society (EMBC) [106].

These results demonstrated the capability of the “cut-solder-
paste” method in integrating rigid ICs on the stretchable
platform. With such development, the cut-and-pasted e-tat-
toos are one step closer to real-life applications.

5 Conclusions

Soft electronics including flexible and stretchable electronics
have demonstrated many unprecedented capabilities ex-
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panding into healthcare, communication, soft robotics, and
consumer markets. It thus creates an unignorable demand for
improved manufacturability in terms of cost, yield,
throughput, and versatility. Instead of using conventional
wafer-based microelectronics fabrication approach, the “cut-
and-paste” technologies summarized in this review offer a
more cost- and time-effective solution for the rapid proto-
typing of soft electronics of various materials and function-
alities. It complements the additive manufacturing in the
digital manufacture space even for scaled-up production.
Due to the simplicity in facility and condition, it is also
friendly to be added to other manufacturing processes for
building more diverse and exciting hybrid soft electronics in
the future.

This work was supported by the US National Institute of Biomedical Ima-
ging and Bioengineering (NIBIB) of the National Institutes of Health (NIH)
(Grant No. ROIEB021935). WANG PulLin acknowledges the support from
NextFlex (Project: Flexible Skin Sensing to Control a Soft Robotic Knee
Exoskeleton).

1 Wang C, Wang C, Huang Z, et al. Materials and structures toward
soft electronics. Adv Mater, 2018, 30: 1801368

2 Nathan A, Ahnood A, Cole M T, et al. Flexible electronics: The next
ubiquitous platform. Proc IEEE, 2012, 100: 1486-1517

3 Rogers J A, Someya T, Huang Y. Materials and mechanics for
stretchable electronics. Science, 2010, 327: 1603-1607

4 Sekitani T, Someya T. Stretchable organic integrated circuits for
large-area electronic skin surfaces. MRS Bull, 2012, 37: 236-245

5 Hammock M L, Chortos A, Tee B C K, et al. 25th Anniversary
Article: The evolution of electronic skin (E-Skin): A brief history,
design considerations, and recent progress. Adv Mater, 2013, 25:
5997-6038

6 Wang S, Xu J, Wang W, et al. Skin electronics from scalable fabri-
cation of an intrinsically stretchable transistor array. Nature, 2018,
555: 8388

7 Someya T, Sekitani T, Iba S, et al. A large-area, flexible pressure
sensor matrix with organic field-effect transistors for artificial skin
applications. Proc Natl Acad Sci USA, 2004, 101: 9966-9970

8 Huang J, Zhu H, Chen Y, et al. Highly transparent and flexible
nanopaper transistors. ACS Nano, 2013, 7: 2106-2113

9 Lee GH, YuY J, Cui X, et al. Flexible and transparent MoS, field-
effect transistors on hexagonal boron nitride-graphene hetero-
structures. ACS Nano, 2013, 7: 7931-7936

10 Schwartz G, Tee B C K, Mei J, et al. Flexible polymer transistors
with high pressure sensitivity for application in electronic skin and
health monitoring. Nat Commun, 2013, 4: 1859

11 Ko H C, Stoykovich M P, Song J, et al. A hemispherical electronic
eye camera based on compressible silicon optoelectronics. Nature,
2008, 454: 748-753

12 Jung I, Xiao J, Malyarchuk V, et al. Dynamically tunable hemi-
spherical electronic eye camera system with adjustable zoom cap-
ability. Proc Natl Acad Sci USA, 2011, 108: 1788-1793

13 Kim D H, Lu N, Ma R, et al. Epidermal electronics. Science, 2011,
333: 838-843

14 Kim D H, Ghaffari R, Lu N, et al. Flexible and stretchable electronics
for biointegrated devices. Annu Rev Biomed Eng, 2012, 14: 113-128

15 Park S I, Brenner D S, Shin G, et al. Soft, stretchable, fully im-
plantable miniaturized optoelectronic systems for wireless optoge-
netics. Nat Biotechnol, 2015, 33: 1280-1286

16 Minev I R, Musienko P, Hirsch A, et al. Electronic dura mater for
long-term multimodal neural interfaces. Science, 2015, 347: 159-163


https://doi.org/10.1002/adma.201801368
https://doi.org/10.1109/JPROC.2012.2190168
https://doi.org/10.1126/science.1182383
https://doi.org/10.1557/mrs.2012.42
https://doi.org/10.1002/adma.201302240
https://doi.org/10.1038/nature25494
https://doi.org/10.1073/pnas.0401918101
https://doi.org/10.1021/nn304407r
https://doi.org/10.1021/nn402954e
https://doi.org/10.1038/ncomms2832
https://doi.org/10.1038/nature07113
https://doi.org/10.1073/pnas.1015440108
https://doi.org/10.1126/science.1206157
https://doi.org/10.1146/annurev-bioeng-071811-150018
https://doi.org/10.1038/nbt.3415
https://doi.org/10.1126/science.1260318

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

Yang X X, et al.

Miyamoto A, Lee S, Cooray N F, et al. Inflammation-free, gas-
permeable, lightweight, stretchable on-skin electronics with nano-
meshes. Nat Nanotech, 2017, 12: 907-913

Jeong J W, Yeo W H, Akhtar A, et al. Materials and optimized
designs for human-machine interfaces via epidermal electronics. Adv
Mater, 2013, 25: 6839-6846

Lim S, Son D, Kim J, et al. Transparent and stretchable interactive
human machine interface based on patterned graphene hetero-
structures. Adv Funct Mater, 2015, 25: 375-383

Ameri S K, Kim M, Kuang 1 A, et al. Imperceptible electro-
oculography graphene sensor system for human-robot interface. npj
2D Mater Appl, 2018, 2: 19

Lu N, Kim D H. Flexible and stretchable electronics paving the way
for soft robotics. Soft Robotics, 2014, 1: 53-62

Yoon J, Jo S, Chun I S, et al. GaAs photovoltaics and optoelectronics
using releasable multilayer epitaxial assemblies. Nature, 2010, 465:
329-333

Xu S, Zhang Y, Cho J, et al. Stretchable batteries with self-similar
serpentine interconnects and integrated wireless recharging systems.
Nat Commun, 2013, 4: 1543

Fan F R, Tang W, Wang Z L. Flexible nanogenerators for energy
harvesting and self-powered electronics. Adv Mater, 2016, 28: 4283—
4305

Rogers J A, Bao Z, Baldwin K, et al. Paper-like electronic displays:
Large-area rubber-stamped plastic sheets of electronics and micro-
encapsulated electrophoretic inks. Proc Natl Acad Sci USA, 2001,
98: 48354840

Yokota T, Zalar P, Kaltenbrunner M, et al. Ultraflexible organic
photonic skin. Sci Adv, 2016, 2: ¢1501856

Koo J H, Kim D C, Shim H J, et al. Flexible and stretchable smart
display: Materials, fabrication, device design, and system integration.
Adv Funct Mater, 2018, 28: 1801834

Yan Z, Pan T, Yao G, et al. Highly stretchable and shape-controllable
three-dimensional antenna fabricated by “Cut-Transfer-Release”
method. Sci Rep, 2017, 7: 42227

Inui T, Koga H, Nogi M, et al. A miniaturized flexible antenna
printed on a high dielectric constant nanopaper composite. Adv
Mater, 2015, 27: 1112-1116

Khaleel H R, Al-Rizzo H M, Rucker D G, et al. A compact poly-
imide-based UWB antenna for flexible electronics. Antennas Wirel
Propag Lett, 2012, 11: 564-567

Cibin C, Leuchtmann P, Gimersky M, et al. A flexible wearable
antenna. APS IEEE, 2004, 4: 3589-3592

Wu Z, Jobs M, Rydberg A, et al. Hemispherical coil electrically
small antenna made by stretchable conductors printing and plastic
thermoforming. J Micromech Microeng, 2015, 25: 027004

Lu N, Yang S. Mechanics for stretchable sensors. Curr Opin Solid
State Mater Sci, 2015, 19: 149-159

Kim D H, Lu N, Huang Y, et al. Materials for stretchable electronics
in bioinspired and biointegrated devices. MRS Bull, 2012, 37: 226—
235

Suo Z. Mechanics of stretchable electronics and soft machines. MRS
Bull, 2012, 37: 218-225

Someya T, Bauer S, Kaltenbrunner M. Imperceptible organic elec-
tronics. MRS Bull, 2017, 42: 124-130

Lipomi D J, Bao Z. Stretchable and ultraflexible organic electronics.
MRS Bull, 2017, 42: 93-97

Meitl M A, Zhu Z T, Kumar V, et al. Transfer printing by kinetic
control of adhesion to an elastomeric stamp. Nat Mater, 2006, 5: 33—
38

Carlson A, Bowen A M, Huang Y, et al. Transfer printing techniques
for materials assembly and micro/nanodevice fabrication. Adv Ma-
ter, 2012, 24: 5284-5318

Kim J, Salvatore G A, Araki H, et al. Battery-free, stretchable op-
toelectronic systems for wireless optical characterization of the skin.
Sci Adv, 2016, 2: ¢1600418

Choi M K, Park I, Kim D C, et al. Thermally controlled, patterned

Sci China Tech Sci 9

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

graphene transfer printing for transparent and wearable electronic/
optoelectronic system. Adv Funct Mater, 2015, 25: 7109-7118

Lee Y K, Kim J, Kim Y, et al. Room temperature electrochemical
sintering of Zn microparticles and its use in printable conducting inks
for bioresorbable electronics. Adv Mater, 2017, 29: 1702665

Lee C H, Kim D R, Zheng X. Fabrication of nanowire electronics on
nonconventional substrates by water-assisted transfer printing
method. Nano Lett, 2011, 11: 3435-3439

Kim T, Carson A, Ahn J, et al. Kinetically controlled, adhesiveless
transfer printing using microstructured stamps. Appl Phys Lett, 2009,
94: 113502

Hines D R, Ballarotto V W, Williams E D, et al. Transfer printing
methods for the fabrication of flexible organic electronics. J Appl
Phys, 2007, 101: 024503

Wiinscher S, Abbel R, Perelaer J, et al. Progress of alternative sin-
tering approaches of inkjet-printed metal inks and their application
for manufacturing of flexible electronic devices. J] Mater Chem C,
2014, 2: 10232-10261

Kim J, Kumar R, Bandodkar A J, et al. Advanced materials for
printed wearable electrochemical devices: A review. Adv Electron
Mater, 2017, 3: 1600260

Liu X, Yuk H, Lin S, et al. 3D printing of living responsive materials
and devices. Adv Mater, 2018, 30: 1704821

Valentine A D, Busbee T A, Boley J W, et al. Hybrid 3D printing of
soft electronics. Adv Mater, 2017, 29: 1703817

Pan C, Kumar K, Li J, et al. Visually imperceptible liquid-metal
circuits for transparent, stretchable electronics with direct laser
writing. Adv Mater, 2018, 30: 1706937

Rahimi R, Shams Es-Haghi S, Chittiboyina S, et al. Laser-enabled
processing of stretchable electronics on a hydrolytically degradable
hydrogel. Adv Healthcare Mater, 2018, 7: 1800231

Yang S, Chen Y C, Nicolini L, et al. “Cut-and-paste” manufacture of
multiparametric epidermal sensor systems. Adv Mater, 2015, 27:
6423-6430

Zhou Y, Wang Y, Liu R, et al. Multichannel noninvasive human—
machine interface via stretchable um thick SEMG patches for robot
manipulation. J Micromech Microeng, 2017, 28: 014005

Yang S, Ng E, Lu N. Indium Tin Oxide (ITO) serpentine ribbons on
soft substrates stretched beyond 100%. Extreme Mech Lett, 2015, 2:
3745

Kabiri Ameri S, Ho R, Jang H, et al. Graphene electronic tattoo
sensors. ACS Nano, 2017, 11: 7634-7641

Scida A, Haque S, Treossi E, et al. Application of graphene-based
flexible antennas in consumer electronic devices. Mater Today, 2018,
21: 223-230

Bartholomeusz D A, Boutte R W, Andrade J D. Xurography: Rapid
prototyping of microstructures using a cutting plotter. J] Microelec-
tromech Syst, 2005, 14: 1364—1374

Wang Y, Qiu Y, Ameri S K, et al. Low-cost, um-thick, tape-free
electronic tattoo sensors with minimized motion and sweat artifacts.
npj Flex Electron, 2018, 2: 6

Wang L, Lu N. Conformability of a thin elastic membrane laminated
on a soft substrate with slightly wavy surface. J Appl Mech, 2016,
83: 041007

Wang L, Qiao S, Kabiri Ameri S, et al. A thin elastic membrane
conformed to a soft and rough substrate subjected to stretching/
compression. J Appl Mech, 2017, 84: 111003

Kao H L C, Holz C, Roseway A, et al. Duoskin: Rapidly prototyping
on-skin user interfaces using skin-friendly materials. In: Proceedings
of the 2016 ACM International Symposium on Wearable Computer.
New York, 2016. 16-23

Li T, Suo Z. Ductility of thin metal films on polymer substrates
modulated by interfacial adhesion. Int J Solids Struct, 2007, 44:
16961705

Lu N, Wang X, Suo Z, et al. Metal films on polymer substrates
stretched beyond 50%. Appl Phys Lett, 2007, 91: 221909
Whitesides G M, Bowden N, Brittain S, et al. Spontaneous formation


https://doi.org/10.1038/nnano.2017.125
https://doi.org/10.1002/adma.201301921
https://doi.org/10.1002/adma.201301921
https://doi.org/10.1002/adfm.201402987
https://doi.org/10.1038/s41699-018-0064-4
https://doi.org/10.1038/s41699-018-0064-4
https://doi.org/10.1089/soro.2013.0005
https://doi.org/10.1038/nature09054
https://doi.org/10.1038/ncomms2553
https://doi.org/10.1002/adma.201504299
https://doi.org/10.1073/pnas.091588098
https://doi.org/10.1126/sciadv.1501856
https://doi.org/10.1002/adfm.201801834
https://doi.org/10.1038/srep42227
https://doi.org/10.1002/adma.201404555
https://doi.org/10.1002/adma.201404555
https://doi.org/10.1109/LAWP.2012.2199956
https://doi.org/10.1109/LAWP.2012.2199956
https://doi.org/10.1088/0960-1317/25/2/027004
https://doi.org/10.1016/j.cossms.2014.12.007
https://doi.org/10.1016/j.cossms.2014.12.007
https://doi.org/10.1557/mrs.2012.36
https://doi.org/10.1557/mrs.2012.32
https://doi.org/10.1557/mrs.2012.32
https://doi.org/10.1557/mrs.2017.1
https://doi.org/10.1557/mrs.2016.325
https://doi.org/10.1038/nmat1532
https://doi.org/10.1002/adma.201201386
https://doi.org/10.1002/adma.201201386
https://doi.org/10.1126/sciadv.1600418
https://doi.org/10.1002/adfm.201502956
https://doi.org/10.1002/adma.201702665
https://doi.org/10.1021/nl201901z
https://doi.org/10.1063/1.3099052
https://doi.org/10.1063/1.2403836
https://doi.org/10.1063/1.2403836
https://doi.org/10.1039/C4TC01820F
https://doi.org/10.1002/aelm.201600260
https://doi.org/10.1002/aelm.201600260
https://doi.org/10.1002/adma.201704821
https://doi.org/10.1002/adma.201703817
https://doi.org/10.1002/adma.201706937
https://doi.org/10.1002/adhm.201800231
https://doi.org/10.1002/adma.201502386
https://doi.org/10.1088/1361-6439/aa9c2e
https://doi.org/10.1016/j.eml.2015.01.010
https://doi.org/10.1021/acsnano.7b02182
https://doi.org/10.1016/j.mattod.2018.01.007
https://doi.org/10.1109/JMEMS.2005.859087
https://doi.org/10.1109/JMEMS.2005.859087
https://doi.org/10.1038/s41528-017-0019-4
https://doi.org/10.1115/1.4032466
https://doi.org/10.1115/1.4037740
https://doi.org/10.1016/j.ijsolstr.2006.07.022
https://doi.org/10.1063/1.2817234

10

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

Yang X X, et al.

of ordered structures in thin films of metals supported on an elas-
tomeric polymer. Nature, 1998, 393: 146-149

Lacour S P, Wagner S, Huang Z, et al. Stretchable gold conductors
on elastomeric substrates. Appl Phys Lett, 2003, 82: 2404-2406
Khang D Y, Jiang H, Huang Y, et al. A stretchable form of single-
crystal silicon for high-performance electronics on rubber substrates.
Science, 2006, 311: 208-212

Khang D Y, Rogers J A, Lee H H. Mechanical buckling: Mechanics,
metrology, and stretchable electronics. Adv Funct Mater, 2009, 19:
1526-1536

Xu S, Yan Z, Jang K I, et al. Assembly of micro/nanomaterials into
complex, three-dimensional architectures by compressive buckling.
Science, 2015, 347: 154-159

Zhang Y, Yan Z, Nan K, et al. A mechanically driven form of Kir-
igami as a route to 3D mesostructures in micro/nanomembranes.
Proc Natl Acad Sci USA, 2015, 112: 11757-11764

Lawn B R, Deng Y, Miranda P, et al. Overview: Damage in brittle
layer structures from concentrated loads. J Mater Res, 2002, 17:
3019-3036

Du X, Skachko I, Barker A, et al. Approaching ballistic transport in
suspended graphene. Nat Nanotech, 2008, 3: 491495

Akinwande D, Petrone N, Hone J. Two-dimensional flexible na-
noelectronics. Nat Commun, 2014, 5: 5678

Wang C, Li X, Hu H, et al. Monitoring of the central blood pressure
waveform via a conformal ultrasonic device. Nat Biomed Eng, 2018,
2: 687695

Zhang Y, Li'Y, Ming P, et al. Ultrastrong bioinspired graphene-based
fibers via synergistic toughening. Adv Mater, 2016, 28: 28342839
Zhu Y, Murali S, Cai W, et al. Graphene and graphene oxide:
Synthesis, properties, and applications. Adv Mater, 2010, 22: 3906—
3924

Rao C N R, Sood A K, Subrahmanyam K S, et al. Graphene: The
new two-dimensional nanomaterial. Angew Chem Int Ed, 2009, 48:
7752-7777

Li X, Tao L, Chen Z, et al. Graphene and related two-dimensional
materials: Structure-property relationships for electronics and op-
toelectronics. Appl Phys Rev, 2017, 4: 021306

Kuang J, Dai Z, Liu L, et al. Synergistic effects from graphene and
carbon nanotubes endow ordered hierarchical structure foams with a
combination of compressibility, super-elasticity and stability and
potential application as pressure sensors. Nanoscale, 2015, 7: 9252—
9260

Chen J, Zhang G, Li B. Substrate coupling suppresses size depen-
dence of thermal conductivity in supported graphene. Nanoscale,
2013, 5: 532-536

Lee C, Wei X, Kysar ] W, et al. Measurement of the elastic properties
and intrinsic strength of monolayer graphene. Science, 2008, 321:
385-388

Bertolazzi S, Brivio J, Kis A. Stretching and breaking of ultrathin
MoS,. ACS Nano, 2011, 5: 9703-9709

Akinwande D, Brennan C J, Bunch J S, et al. A review on mechanics
and mechanical properties of 2D materials—Graphene and beyond.
Extreme Mech Lett, 2017, 13: 42-77

Wang G, Dai Z, Liu L, et al. Tuning the interfacial mechanical be-
haviors of monolayer graphene/PMMA nanocomposites. ACS Appl
Mater Interfaces, 2016, 8: 22554-22562

Dai Z, Wang Y, Liu L, et al. Hierarchical graphene-based films with
dynamic self-stiffening for biomimetic artificial muscle. Adv Funct
Mater, 2016, 26: 7003-7010

Wang G, Liu L, Dai Z, et al. Biaxial compressive behavior of em-
bedded monolayer graphene inside flexible poly (methyl methacry-

Sci China Tech Sci

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

late) matrix. Carbon, 2015, 86: 69-77

Dai Z, Wang G, Liu L, et al. Mechanical behavior and properties of
hydrogen bonded graphene/polymer nano-interfaces. Comp Sci Tech,
2016, 136: 1-9

Wang G, Dai Z, Wang Y, et al. Measuring interlayer shear stress in
bilayer graphene. Phys Rev Lett, 2017, 119: 036101

Sanchez D A, Dai Z, Wang P, et al. Mechanics of spontaneously
formed nanoblisters trapped by transferred 2D crystals. Proc Natl
Acad Sci USA, 2018, 115: 7884-7889

Annett J, Cross G L W. Self-assembly of graphene ribbons by
spontaneous self-tearing and peeling from a substrate. Nature, 2016,
535: 271275

Nair R R, Blake P, Grigorenko A N, et al. Fine structure constant
defines visual transparency of graphene. Science, 2008, 320: 1308
Novoselov K S, Fal’ko V I, Colombo L, et al. A roadmap for gra-
phene. Nature, 2012, 490: 192-200

Pinto A M, Gongalves I C, Magalhdes F D. Graphene-based mate-
rials biocompatibility: A review. Colloids Surfs B-Biointerfaces,
2013, 111: 188-202

Kang P, Wang M C, Nam S W. Bioelectronics with two-dimensional
materials. MicroElectron Eng, 2016, 161: 18-35

Kim T, Cho M, Yu K J. Flexible and stretchable bio-integrated
electronics based on carbon nanotube and graphene. Materials, 2018,
11: 1163

Pirkle A, Chan J, Venugopal A, et al. The effect of chemical residues
on the physical and electrical properties of chemical vapor deposited
graphene transferred to SiO,. Appl Phys Lett, 2011, 99: 122108

Li X, Cai W, An J, et al. Large-area synthesis of high-quality and
uniform graphene films on copper foils. Science, 2009, 324: 1312—
1314

Suk J W, Kitt A, Magnuson C W, et al. Transfer of CVD-grown
monolayer graphene onto arbitrary substrates. ACS Nano, 2011, 5:
6916-6924

De S, Coleman J N. Are there fundamental limitations on the sheet
resistance and transmittance of thin graphene films? ACS Nano,
2010, 4: 2713-2720

Li X, Yang T, Yang Y, et al. Large-area ultrathin graphene films by
single-step marangoni self-assembly for highly sensitive strain sen-
sing application. Adv Funct Mater, 2016, 26: 1322-1329

Zhao G, Li X, Huang M, et al. The physics and chemistry of gra-
phene-on-surfaces. Chem Soc Rev, 2017, 46: 4417-4449

Dai Z, Liu L, Qi X, et al. Three-dimensional sponges with super
mechanical stability: Harnessing true elasticity of individual carbon
nanotubes in macroscopic architectures. Sci Rep, 2016, 6: 18930
Wu C, Fang L, Huang X, et al. Three-dimensional highly conductive
graphene-silver nanowire hybrid foams for flexible and stretchable
conductors. ACS Appl Mater Interfaces, 2014, 6: 21026-21034

Ge J, Yao H B, Wang X, et al. Stretchable conductors based on silver
nanowires: Improved performance through a binary network design.
Angew Chem, 2013, 125: 1698-1703

Gong S, Schwalb W, Wang Y, et al. A wearable and highly sensitive
pressure sensor with ultrathin gold nanowires. Nat Commun, 2014,
5:3132

Qin Q, Yin S, Cheng G, et al. Recoverable plasticity in penta-twinned
metallic nanowires governed by dislocation nucleation and retrac-
tion. Nat Commun, 2015, 6: 5983

Jeong H Y, Ha T W, Kuang I, et al. NFC-enabled, tattoo-like
stretchable biosensor manufactured by “cut-and-paste” method. In:
Proceedings of the 2017 39th Annual International Conference of the
IEEE Engineering in Medicine and Biology Society (EMBC).
Seogwipo, 2017. 4094-4097


https://doi.org/10.1038/30193
https://doi.org/10.1063/1.1565683
https://doi.org/10.1126/science.1121401
https://doi.org/10.1002/adfm.200801065
https://doi.org/10.1126/science.1260960
https://doi.org/10.1073/pnas.1515602112
https://doi.org/10.1557/JMR.2002.0440
https://doi.org/10.1038/nnano.2008.199
http://arxiv.org/abs/0802.2933
https://doi.org/10.1038/ncomms6678
https://doi.org/10.1038/s41551-018-0287-x
https://doi.org/10.1002/adma.201506074
https://doi.org/10.1002/adma.201001068
https://doi.org/10.1002/anie.200901678
https://doi.org/10.1063/1.4983646
https://doi.org/10.1039/C5NR00841G
https://doi.org/10.1039/C2NR32949B
https://doi.org/10.1126/science.1157996
https://doi.org/10.1021/nn203879f
https://doi.org/10.1016/j.eml.2017.01.008
https://doi.org/10.1021/acsami.6b03069
https://doi.org/10.1021/acsami.6b03069
https://doi.org/10.1002/adfm.201503917
https://doi.org/10.1002/adfm.201503917
https://doi.org/10.1016/j.carbon.2015.01.022
https://doi.org/10.1103/PhysRevLett.119.036101
https://doi.org/10.1073/pnas.1801551115
https://doi.org/10.1073/pnas.1801551115
https://doi.org/10.1038/nature18304
https://doi.org/10.1126/science.1156965
https://doi.org/10.1038/nature11458
https://doi.org/10.1016/j.colsurfb.2013.05.022
https://doi.org/10.1016/j.mee.2016.04.003
https://doi.org/10.3390/ma11071163
https://doi.org/10.1063/1.3643444
https://doi.org/10.1126/science.1171245
http://arxiv.org/abs/0905.1712
https://doi.org/10.1021/nn201207c
https://doi.org/10.1021/nn100343f
https://doi.org/10.1002/adfm.201504717
https://doi.org/10.1039/C7CS00256D
https://doi.org/10.1038/srep18930
https://doi.org/10.1021/am505908d
https://doi.org/10.1002/ange.201209596
https://doi.org/10.1038/ncomms4132
https://doi.org/10.1038/ncomms6983

